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SOLUTION  OF  CERTAIN  PROBLEMS 
RELATING  TO 

THE  DESIGN  OF  STEALS  TURBINES. 

(1)  Consideration  of  the  effect  of  friction  upon  tur- 
bine blades. 

(a)  Relation  between  steam  velocity,  periplieral 
velocity,  and  angles  of  entrance  with  different 
coefficients  of  friction. 

(2)  Consideration  of  effect  of  friction  in  high  and 
low  pressure  turbines  with  different  degrees  of  superheat. 

(a)  Relation  between  windage  loss  and  pressures. 

(b)  Relation  between  friction  loss  and  pressure, 
or  heat  drop  in  each  stage. 

(3)  Consideration  of  effect  of  friction  on  the  number 
of  stages  in  high  and  low  pressure  turbines. 


( 1 ) Consideration  of  the  effect  of  friction  upon  tur- 

bine bl ades* 

(a)  The  consideration  of  indicator  diagrams  as 
characteristics  of  the  thermodynamical  qualities  of  recipro- 
cating engines  is  the  common  practice  with  which  we  are  familiar  . 

The  steam  turbine  gives  us  an  entirely  different  state  of  af- 

t 

fairs*  It  substitutes  for  the  intermitent  closed  process  of 
the  reciprocatng  engine,  a continuous  open  process,  in  which 
steam,  is  admitted  at  a definite  initial  pressure  and  taken  away 
from  the  turbine  at  a smaller  exhaust  pressure*  For  a multiple 
expansion  turbine,  or  one  that  is  composed  of  part  processes  in 
the  individual  pressure  stages  of  the  turbine,  steam  issues 
from  a nozzle  at  some  velocity,  depending  upon  the  difference 
between  tlie  initial  and  final  pressures  and  the  form  of  the 
nozzle.  The  impulse  of  this  issuing  jet  gives  to  the  blades 
upon  which  it  impinges  a velocity,  that  depends  upon  the  angle 
of  entrance,  and  absolute  velocity  of  jet.  Since  the  heat  energy 
of  the  fluid  is  partially  transformed  into  kinetic  energy  by 
expansion  in  the  nozzle,  it  is  necessary  for  a maximum  effi- 
ciency, to  transform  as  much  of  this  kinetic  energy  into  work 
upon  the  blades  as  possible,  which  is  the  same  thing  as  making 
the  absolute  velocity  of  jet  as  small  as  possible  when  it 
leaves  the  last  set  of  rotating  blades* 
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Neglecting  tlie  losses  due  to  friction,  eddies,  and 
leakage,  the  energy  given  up  to  tlie  blades  is  proportional 
to  tlie  difference  of  tb_e  squares  of  tlie  entering  and  exit  velo- 
cities* The  angles  of  the  bladesother  than  at  the  points  of  exit 
and  entrance  are  immaterial,  except  that  the  blades  should  be 
formed  with  a smooth  gradual  curve  to  make  the  friction  and 
eddy  losses  small.  The  tangent  to  the  curve  of  blade  at  point 
of  entrance  of  jet  should  be  parallel  to  the  relative  velocity 
of  jet  so  as  to  allow  jet  to  enter  the  blade  without  shock. 

(b)  Consider  the  case  shown  in  Pig.  1,  in  which  we  have 
one  pressure  and  two  velocity  stages.  Steam  issues  from  a nozzle 
at  a velocity  The  jet  makes  an  angle  a*  with  the  hori- 

zontal or  direction  of  the  blade  velocity  u.  A coefficient  of 
friction  of  0.2  is  assumed  for  both  the  rotating  and  guide 
blades  of  the  turbine.  Por  a condition  of  maximum  efficiency 
the  absolute  velocity  of  exit  jet  must  be  as  small  as  pos- 
sible. To  satisfy  this  condition  the  velocity  u of  the  blades 
must  have  such  a value  as  to  make  perpendicular  to  the  di- 
rection of  blade  velocity  u.  Por  the  frictionless  case  a value 

V COS  3, 

of  u to  obtain  ths  condition  would  be  1 , where  n is  the 

2n 

number  of  rotating  blades  in  one  pressure  stage.  When  friction 
is  considered  the  value  of  u is  something  smaller  than  the 
ideal  value  and  the  following  empirical  formula  gives  approxi- 


4. 

mate  values  for  u when  n r 2 or  n r 3, 


u ~ 


^cos  a - ( 2n  - 1 ) fY^ cos  a -b  (f  — . 2)  os  a-b.  ln(n-3)f  (Y-^cos  a) 

4n  — ( 2n  - 1 ) f 

[2  -)-(.ln2  — 2.3n  l)f]  Y^cos  a 
4n  — ( 2n  — l)f 

f = coefficient  of  friction  on  blades. 

Vj r velocity  of  jet  in  feet  per  second, 
n — sets  of  rotating  blades  in  each  pressure  stage, 
u rr  velocity  of  blades  in  feet  per  second. 

The  velocity  diagram  shown  in  Fig.  1 and  Fig. 2 was  con- 
structed by  using  values  of  u determined  by  the  application  of 
the  above  formula  after  being  corrected  by  trial  on  the  velocity 
diagram.  The  jet  from  the  nozzle  with  a velocity  Y^  strikes  the 
moving  vanes  and  enters  the  blades  with  a relative  velocity  w ; 
but  in  passing  through  the  first  set  of  blades  0.2  of  w^  is  lost, 
which  leaves  W2  as  the  remaining  velocity.  Then  considering 
the  entrance  and  exit  angles  of  the  rotating  find  guide  wheels 
equal,  the  jet  issues  from  the  first  set  of  rotating  blades  with 
a relative  velocity  w^  making  an  angle  ag  with  the  blade  veloc- 
ity vector,  and  enters  the  guide  wheel  blade  at  an  absolute 
velocity  Yg  and  angle  a'.  It  leaves  with  an  absolute  velocity 

t 

Y-,  equal  to  0.8Y  and  at  an  angle  a*  • 

1 2 
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Fig. I Velocity  JJiaqram  forTwoVel . Sfqcj  eTurbme 


Fig.%.  JJ  ia  cj  ra  m for  calculation  of  E ft, 
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The  jet  then  enters  the  second  ~et  of  rotating  blades  with  a 
relative  velocity  w-j , and  leaves  with  a relative  velocity  w^>  equal 
-to  0.8  of  wj  making  an  angle  a^,  or  with -an  absolute  velocity 
V ' making  an  angle  of  90  degrees  with  the  direction  of  the  blade 

velocity. 

In  the  determination  of  the  efficiency  under  these 
conditions  let  0 


v 


w :z  energy  of  jet  =. 


2g 


f - coefficient  of  friction  con  idersd. 

P - total  peripheral  component  or  force  upon  blades. 
M z mass  of  steam1 flowing  per  second. 
c&c1  r peripheral  components  of- velocity  at  entrance  to 
and  exit  from  the  first  rotating  wheel. 
c0  r peripheral  component  of  velocity  at  entrance  to 
second  rotating  wheel. 

Therefore  P - M(  c + Cj  + cg),  since  c and  c,  are  opposite  in 
direction. 

Let  = work  per  second  r Pu; 

Then  ' — M(  c +-  c^  c9)u. 


Considering  one  pound  of  steam.  M n 
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Co  )u 


Pu  - 


= n 
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¥ 2gPu 

3ff.r  — i - -75  “ 
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2u(c-»- c^Cg) 


(Cj  Plate  1 shows  the  effect  of  friction  upon  tlie  periph- 
eral velocity  of  the  turbine  for  the  conditions  of  maximum 
efficiency  described  above.  The  ordinates  represent  the  blade 
velocity  as  a per  cent  of  the  velocity  of  the  jet  issuing  from 
the  nozzle,  and  the  abscissae  represent  the  coefficients  of 
friction  considered.  The  different  curves  shown  on  the  plate 
were  drawn  from  tlie  graphical  solution  of  problems  similiar  to 
that  described  in  connection  with  Fig.l  andFig.2*  The  angles 
of  nozzle  were  taken  as  10°  20?  30?  and  40;  sets  of  rotating 

blades  (n)  in  one  pressure  stage  from  1 to  3,  and  coefficients 
of  friction  from  0.0  to  0.3.  Plate  2,  3 , 4,  and  5 show  the 
effect  of  tlie  different  angles  of  entrance  and  of  the  different 
coefficients  of  friction  upon  tlie  blades  in  terns  of  the  effi- 
ciency of  the  jet.  The  ordinates  represent  the  efficiency  of 
the  combination  in  per  cent  of  jet  energy,  and  the  abscissae  re- 
present the  coefficients  of  friction  considered.  The  results 
of  these  curves  were  calculated  from  the  graphical  solution  of 
problems  as  described  in  connection  with  fig.l  and  Fig.  2*  The 
curves  marke d" n = 1 % "n-2%  and  "n=3"  represent  the  friction 
efficiency  curves  for  1,  2,  and  3 sets  of  rotating  blades  in 
one  pressure  stage. 
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( 2)  Consideration  of  effect  of  friction  in  high  and  low 
pressure  turbines  with  different  decrees  of  superheat. 

The  case  considered  is  that  of  a five  pressure  stage 
turbine.,  first  with  a boiler,  or  initial  pressure  of  215  lbs. 
absolute,  and  second,  with  a boiler  pressure  of  55  lbs.  absolute  • 
The  superheats  in  both  cases  were  varied  from  0.0  to  600  degrees 
P. 

, (a)  The  friction  was  assumed  to  be  0.0.  Then  the 
drop  in  pressure  from  the  boiler  to  the  first  stage,  or  from 
the  first  stage  to  the  second  stage,  is  a purely  adiabatic  ex- 
pansion. The  difference  in  pressure,  or  the  pressure  drop 
during  this  expansion,  gives  a certain  heat  drop  corresponding 
to  the  difference  of  the  heat  in  the  steam  at  the  two  different 
states.  This  heat  drop  determines  the  velocity  at  which  the 
steam  will  issue  from  the  nozzle,  since  the  kinetic,  or  velocity  , 
energy,  is  equal  to  the  energy  in  the  heat  drop. 

That  is,  if 

r.  the  velocity  of  Jet  in  feet  per  second, 
h^  z the  heat  drop , 

= the  mechanical  equivalent  of  heat., 

Therefore  ---  - ^o, 

Vo  - 2gJh0  = 224  ho  (1) 

In  the  actual  turbine  we  cannot  obtain  all  this  drop 


1^ 


as  kinetic  energy*  and  some  per  cent  is  lost. 

Let  x r per  cent  of  velocity  obtained  with  friction  on 
blades. 

V - actual  velocity  of  steam  leaving  blade  in  feet  per 
second, 

h r tlie  heat  loss  due  to  frictions  in  B.T.U. 


2 2 
V V 

Therefore  -----  Jh  3 or  - - — 


2 o 

¥0  Y'" 


z Jh 


2g 

2g 

2g  2g 

* 

or 

V02- 

2 

V ~ 2gJli  . 

Since 

Y z 

xVQ  , or 

V2  = tS2 

Whence 

__2 

* o ' 

x2?2  = 

, or  Y%  z 

2gJh 
1-  x: 

or 

h r 

(1-  x2)V2 

2 * 


(2) 


All  experimental  results  on  the  flow  of  liquids  and 
gases  show  that  the  friction  loss  varies  directly  with  the 
square  of  the  velocity*  therefore  from  (2)  with  a constant 
coefficient  of  friction  the  loss  will  vary  directly  with  the 
heat  drop.  In  order  to  obtain  a basis  from  which  to  calculate 
the  losses  under  different  conditions*  we  may  assume  that  10 
per  cent  of  the  velocity  of  the  jet  is  lost;when  we  have  a heat 
drop  of  about  80  B.T.U. * or  a theoretical  velocity  of  about 
2000  feet  per  second. 
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Hence  if  VQ  z 2000  feet  per  second, 

V2  (2000) 2 

h - -2-  - — — — = ?9.?  B.T.U. 

2gJ  64*  4 x 778 

Tfhen  10  per  cent  of  velocity  is  lost,  x z 0*9,  then 
by  substitution  in  (2) 

(1  - 0.81)  (2000)  2 

h - r 15.15  B.T.U. for  each  stag  e 

64.4  x 778  . ' 

15.15  x 100 

or  as  per  cent  of  total  drop  ----------  - 19  per  cent. 

79.7 

Prom  these  considerations  the  curve  s hown  on  Plate  6 
was  constructed,  with  B.T.U.  drop  as  ordinates,  and  per  cent 
loss  as  abscissae;  using  the  corresponding  approximate  values 
as  found  above. 

No  assumptions  were  made  for  the  variation  of  the 
friction  losses  due  to  the  superheat  or  quality  of  the  steap. 

I was  able  to  find  no  actual  experimental  results,  and  old  not 
think  it  worth  while  to  attempt  to  correct  the  calculations  ac- 
cording to  assumptions  regarding  the  friction  due  to  the  water 
collecting  on  blades,  etc.  Besides  it  is  more  than  probable 
that  the  friction  drop  will  vary  slightly  with  the  density  of 
the  medium,  possibly  directly  with  the  density  to  a small  per 


cent 
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_1  In  an  impulse  turbine  the  blade  wheels  of 
each  section  of  pressure  stage  run  in  a bath  of  steam, yhose 
density  is  determined  by  the  pressure  of  the  steam  in  that  stage, 
and  the  quality  of  superheat.  The  windage  resistance  that  the 
turbine  wheel  experiences,  while  rotating  in  steam,  can  be 
divided  in  two  parts;  first,  that  caused  by  the  smooth  disc, 
and  second,  by  that  caused  by  the  blades. 

That  due  to  the  blades  is  principally  a churning  or 
fan  work,  while  that  due  to  the  disc,  is  a pure  friction  upon 
the  disc.  A theoretical  calculation  of  the  fan  resistance  would 
offer  great  •difficulties,  because  of  the  eddies  and  steam  cur- 
rents set  up  in  the  disc  chamber  by  the  entering  steam. 

An  enclosed  wheel  mil  evidently  absorb  less  work  than 
of 

an  open  one  becauseAthe  steam  current  set  up  around  the  disc, 
and  this  velocity  can  be  utilised  at  the  bl.ade  entrance  if  cor- 
rect calculations  can  be  made.  On  the  other  hand,  Stodola  says 
thatMIf  the  angles  of  entrance  to  and  exit  from  a wheel  are  un- 
equal, then  there  occurs,  as  observations  have  shown,  an  effect 
similiar  to  that  in  the  axial  pump,  that  is,  there  occurs  besides 
the  ordinary  churning  effect  a stream  of  steam  flowing  through 
the  wheel  which  increases  the  work  necessary  to  drive  tlie  wheel 


without  load”. 


_ 


. 


. 


cal  culate 


Hie  smooth  disc  friction  is  even  more  difficult  to 

made 

• Physicists  have^a  number  of  calculations;  or  experi- 
ments pertaining  to  the  friction  of  gases.,  but  these  do  not  nec- 
essarily pertain  to  the  turbine  -wheel# 

Stodola  gives  the  results  of  a number  of  experiments, 
that  -were  made  to  obtain  the  law  of  increase  of  the  work  due  to 
windage  upon  turbine  wheels#  Of  these  experiments,  the  most 
important  are  those  obtained  from  experiments  made  by  Stodola 
upon  a few  stage  impulse  turbine  wheel,  running  in  an  enclosed 
bath  of  steam  at  different  pre ssures#  He  found  that  the  windage 
work  varied  directly  as  tlie  density  of  the  steam#  He  also  con- 
ducted a number  of  experiments  to  satisfy  the  law  of  variation 
of  windage  work  with  revolutions  of  wheel,  and  found  that  it 
varied  approximately  directly  with  the  tliird  power  of  the 
revolutions#  No  account  of  this  effect  was  taken  in  the  calcu- 
lations but  it  will  be  discussed  in  the  results. 

2 Lewecki  conducted  a number  of  experiments 
to  determine  the  relation  of  the  windage  work  to  the  degree  of 
superheat#  (The  results  of  these  experiments  are  published  in 
the  Zeitschr  d#v.  Deutsch  Ing#,  1903)  He  found  that  the  work 
decreased  greatly  with  the  increase  of  superheat#  The  decrease 
of  work  was  greater  for  the  same  increase  of  superheat  at  a low 
temprature  than  at  high  temperature,  tlie  pressure  being  constant# 
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This  may  be  attributed  to  t he  much  greater  decrease  of  density 
for  an  increase  of  superheat  near  the  saturation  point  than  for 
a similiar  increase  at  a high  temperature,  which  further  confirms 
the  law,  that  the  windage  work  depends  directly  upon  the  density 
of  the  steam* 


For  the  calculations  which  follow  concerning  the  wind- 


age work,  I constructed  a chart  shown  by  Plate  ?,  which  is  a 
superlieat-density  chart  for  steam*  The  curves  shown  are  con- 
stant pressure  curves.  The  ordinates  represent  superheat  in 
degrees  Fahrenheit  and  the  abscissae  represent  the  density,  that 
is,  the  reciprocal  of  the  specific  volume.  All  the  calculations 
were  made  from  the  Battel li-Tumlirz  formula. 


T z:  absolute  temperature  in  degrees  F 
p - pressure  in  pounds  per  square  inch., 
v = specific  volume 
a = 0.1345 
E - 0.591 


p(v+  a)  n B.T 


(3) 


d = density  =r 


1 


Therefore  from  (3)  d 


(4) 


v 


Superheat  Sc  \Ninda&eloss-Density  Chart 


Taking  tlie  windage  loss  as  equal  to  about  10  per  cent 
of  the  theoretical  heat  drop  for  a five-stage  turbine,  and  200 
lbs*  initial  pressure,  which  gives  approximately  300  E.T.U.  dro^ 

I constructed  the  windage  loss- density  curve  shown  on  the  same 
chart*  Ordinates  are  B*T.U.  loss  due  to  windage  and  abscissae 
represent  densities* 

J3  "When  steam  gets  below  the  saturation  point, 

the  quality  decreases  as  more  heat  is  abstracted*  Neglecting 

the  volume  of  water  in  the  steam,  the  density  is  equal  to  the 

reciprocal  of  the  specific  volume  of  dry  steam  at  that  pressure 

multiplied  by  the  quality.  To  take  account  of  this,  I construct- 
the 

ed^curve  shown  in  Plate  8,  which  is  a quality- density  factor 
curve*  The  ordinates  represent  steam  quality,  and  the  abscissae 
the  density  facbr,  or  the  factor  by  which  to  multiply  the  densi- 
ty of  <dry  steam  to  get  the  correct  density. 

(c)  Plate  9 shows  a section  of  Mollier’s  Entropy 

that 

chart  for  steam;  this  was  used  for  the  calculation  follows:- 
This  chart  was  constructed  with  steam  at  32  degrees  F*  and 
14.22  lbs*  per  sq.  in. pressure  taken  as  the  initial  point.  The 
heat  contents  of  a condition  of  steam  determined  by  the  pressure 
and  volume  is  taken  as  the  ordinate,  and  the  entropy  in  this 
condition  is  taken  as  the  abscissa  of  a right-angled  coordinate 
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system,  in  wiLch  any  condition  of  the  steam  can  be  expressed  by 
a point  in  this  plane*  The  points  of  equal  pressure  are  con- 
nected and  there  results  a series  of  curves  in  -which  the  pressure 
is  constant*  Similiarly  the  constant  temperature  curres  are 
drawn  as  well  as  the  constant  quality  lines.  The  superheated 
region  of  the  chart  is  plotted  on  the  assumption,  that  the 
specific  heat  of  steam  is  0.48,  which  according  to  some  recent 
developments  is  not  accepted  as  absolutely  corect.  The  vertical 
lines  represent  the  ordinary  adiabatic  change  for  the  friction- 
less case. 

(d)  The  calculations  for  the  effect  of  the  different 
superheats  at  both  the  high  and  low  boiler  pressures  were  per- 
formed in  the  following  manner  First  the  high  boiler  pres- 
sure, or  215  lbs.  absolute, was  considered.  With  some  degree  of 
superheat  and  a pressure  of  215  lbs.  absolute,  there  is  a defi- 
nite state  of  tlie  steam,  with  a definite  total  heat  as  shown  on 
chart.  To  make  calculation  agree  more  nearly  with  the  . actual 
practice,  I assumed  five  pressure  stages  with  two  sets  of  rotatirg 
blades  in  each  stage.  Then  by  inspection,  and  graphical  inte- 
gration on  the  chart,  I selected  pressures  for  the  different 
stages,  which  would  give  as  near  as  possible  the  same  heat 
drop  for  each  stage,  and  eliminate  approximately  the  losses  due 


. - 


. 
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to  exceedingly  high  velocities.  This  can  only  be  accomplished 
in  part,  since,  -when  varying  superheats  are  considered  the  heat 
drop  for  different  pressures  varies  also,  but  not  in  the  same 
ratio. 

The  heat  drop  increases  more  rapidly  for  an  equal  in- 
crease of  superheat  at  the  higher  temperature  than  for  a similiar 
increase  at  the  lower  temperature.  This  gives  a slight  disad- 
vantage to  the  high  superheat,  when  one  pressure  ratio  for  the 
different  stages  is  accepted.  On  the  other  hand,  if  a different 
pressure  ratio  is  used  for  the  different  superheats,  more  errors 
are  liable  to  occur  due  to  the  unbalanced  condition  of  windage 
at  the  different  pressures  in  the  ratio. 

For  the  heat  drop  in  each  sfege  consider  first  an  adia- 
batic, or  frictionless,  expansion.  Let  point  "A"  on  the  Mol- 
lier  chart  be  the  initial  state  pointy  at  100  lbs.  pressure,  1260 
B.T.U.,  and  500  degrees  P .,  temperature )}  then  let  the  pressure 
drop  to  50  lbs.  along  the  line  AB  to  state  point  "B"  (pressure 
50  lbs.,  1200  B.I.U.,  345  degrees  F.).  The  difference  in  the 
two  heats  gives  the  heat  drorj  in  the  two  stages,  and  this  gives 
the  means  of  finding  the  friction  loss  from  Plate  6. 

I then  approximated  the  heat  loss  due  to 'windage, 
which  I obtained  after  several  trials  to  get  the  approximate 
loss  under  different  conditions.  Prom  the  sum  of  the  friction 


£6. 

and  windage  loss  I approximated  the  final  state  of  superheat 
in  each,  stage,  tlie  pressure  being  known;  then  from  the  windage 
loss-density  chart  I got  the  loss  due  to  windage*  This  leaves 
the  steam  in  the  state  indicated  by  the  point  "C"  on  the  diagram.. 
This  process  was  continued  for  the  five  different  pressure  stages 
down  to  1 lb.  pressure  in  the  last  stage,  which  is  approximately 
equal  to  28  inches  of  Hg.  Then  with  the  same  conditions  as 
given  above,  except  the  initial  pressure,  a similar  set  of  cal- 
culations was  made. 

(e)  The  results  of  these  calculations  are  shown  on 
pages  2 7,  28  , 2.9,  30  ^‘3  | . The  pressure  in  pounds  per 

square  inch  in  each  stage  is  given  in  second  column,  and  tlie 
total  heat  at  entrance  refers  to  heat  in  steam,  when  it  has  pas- 
sed through  one  stage  and  ready  to  enter  the  next  stage.  The 
value  given  then  refers  to  the  heat  available  for  the  next 
stage.  The  heat  drop  is  the  theoretical,  or  adiabatic,  drop. 

The  total  loss  is  the  sum  of  the  windage  and  friction  losses, 
and  the  useful  drop  is  the  heat  drop  minus  the  total  loss.  The 
superheat  is  the  superheat  in  the  final  state  in  any  one  stage 
as  indicated  by  the  point  "C"  on  the  Mollier  chart.  The  per 
cent  of  total  gain  is  the  per  cent,  that  the  useful  heat  in 
eqch  stage  is  to  the  total  above  32  degrees  F.  at  entrance  to 
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Steam  Turbine  Problems 

Calculations  Frou 

MOLLIER  CHART 

Freseur^  Trials 

Stage. 

No. 

Pressure 

ttfaer0’ 

oPs. 

Total  Heat 

oten  — 
trance 
BT.U. 

Hen  t 
Drop 

B.T.U. 

Windage 

Loss 

B.T.U. 

F net/  an 
LOSS 
B.T.U. 

Total 

Loss 

0.T.U. 

Usefu/ 

B.T.U. 

Sujferheql 
degrees 
Fa  hr 

°/o  Total 
gemed 

Initio!  Pressure  **per  sq."=  2J5_  In/t/af  Saber heat  ° Fohr-  . — 

/ 

10. 

12  00 

9o 

£>5  3 

JQ.25 

43.55 

46lf5 

0 

3.91 

Z 

£5. 

1/6  3 

76 

9.75 

!7.o 

22.75 

53.2  5 

0 

4,44 

3 

8. 

1/00 

7 7 

3.55 

13.4 

16.95 

G 0.0 

0 

5.00 

* 

2,6 

/040 

G 7 

!2  5 

10.2  5 

11.5 

55.5 

0 

4.6  z. 

5 

/. 

9 87 

5 / 

.5 

6.1 

6.6 

44.‘ f 

0 

3,70 

6 

7 

8 

Totals 

4 0.3  5 

G 1.0 

JO/.  35 

2.53.6 

21, e 

I n it  i a / Pressure  ** ber  sa”  - 2/ 5_  InitiQl  Superheat  °Pahr-  too 

/ 

7 0 

124  7 

3 5 

23.1 

2 0.5 

43.  G 

50.Q 

50 

4,o  7 

Z 

25 

II  9 6 

8 l 

9.3 

/ 5.0 

24.3 

56.1 

0 

4.5 

3 

8 

II  -T >0 

78 

3.4 

13.75 

177  5 

G 1-0 

0 

■t.88 

4 

2.G 

107  9 

6 9 

1.2 

11.  0 

12.2 

56.8 

0 

4.55 

5 

1. 

1022 

54 

.5 

0.5 

7.0 

47 .0 

0 

3.7  7 

6 

7 

8 

Totolti 

37.5 

€,£75 

104.25 

2 7 1.7 

•218 

Initio!  Pressure  ** her  sa"=  2/s  Initio!  Superheat  °Fohr=^2oo 

/ 

70 

IS.95 

103 

2 0.G 

26.1 

46.7 

67.3 

130 

473 

2. 

2 5 

J 2 33.1 

84 

8.5 

15.95 

2445 

59.0 

4o 

4.55 

3 

8 

1/74.5 

8 2.5 

3.2  5 

15.35 

18.7 

63.8 

0 

4.9  e. 

4 

26 

II  / 0,7 

73. 

1.2  5 

12.25 

13.50 

59.5 

0 

4.60 

5 

/ 

1051 

55. 

.5 

6.8 

7.3 

47.7 

o 

3.6  S 

6 

7 

8 

Toto/s 

33.65 

764-5 

/ID./ 

7.9  1.1 

2 2,5 
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2 8. 

Steam  Turbine  Problems 

Calculations  From 
collier  chart 

Pressure  Trials 

Stage. 

No. 

Pressure 

**pera" 

abs. 

Total  Heat 

oten  — 
trance 
BT.U. 

Hen  t 
Drop 

3.T.U. 

Hit  adage 
Loss 
31  U. 

pr/cT/en 

Loss 

3.T.U 

Total 

Loss 

3.T.U. 

Useful 

3T.U. 

Superheat 

degrees 

Pabr 

°/o  Total 
gamed 

Initio!  Pressure** 

her  sq. 

"-2/5 

Initio!  5 u bar  heat  0 

Pabr-  JL£T 

/ 

7 0. 

1392 

II 5 

18. 

29.3 

f7.3 

67.7 

2/  O 

5.05 

z 

Z 5. 

127  7 

97- 

8. 

20.0 

ze.o 

66.  0 

1 1 D 

f.9  / 

3 

8. 

12  OS 

88 

3.2 

17.6 

2 o.e 

67.  Z 

5 

5.0 

4 

Z.G 

II  10.8 

75 

1.5 

13.1 

19.6 

6075 

0 

9.52 

5 

/ 

J D 80. 

52 

.5 

6.2 

6.7 

95.25 

0 

3.3  7 

6 

7 

3 

Totals 

31,2 

#6,2. 

//7.1 

30  7. 

22.95 

I mtic 

/ Pressure  ** L 

ter  sq  " 

_ 215 

In/t/a/  Superbeat  °Pohr- 

900 

! 

7 0 

139/ 

130 

/G.5 

3S 

59.5 

7 5.5 

30  0 

5-5T2 

2 

25 

131 5.5 

/ 05 

79 

29.8 

32.2 

79.8 

180 

53  7 

3 

8 

12-91 

9 7 

2.7 

21.3 

29.0 

7 3.0 

70 

5.2  5 

4 

Z-G 

II  GQ 

78 

LO 

)3.75 

1979 

6 3.25 

0 

4.5-4 

5 

1.0 

11  09.8 

51 

.5 

6.0 

6.5 

ff.5 

0 

3.2 

6 

7 

3 

To  i a It / 

ZQ.l 

10385 

131,95 

33J.05 

9.3.8 

Imtiol  Pressure 

^ per  sq  215 

I nit ia/  S u berbeof  °pabr=  ^OO 

/ 

10 

mo 

19-3 

1512. 

95.6 

6 1.0 

'82 

380 

5.7 

...  £ 

25 

1358 

1/6 

6.5 

30.0 

36.5 

73.5 

260 

5.52 

3 

8 

1213 

IOG 

25 

25.5 

28.0 

7 8 

l 3 5 

5,9  / 

Z.G 

120/ 

86 

L 0 

1 6.7  S 

17.7  5 

68 

5 

5-.7Z 

5 

1 

II  33 

6 / 

.5 

85 

9.0 

52 

0 

3.6  1 

6 

7 

6 

Totals 

2 5.7 

I2G.5 

35-9.5- 

• 
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2 9. 

Steam  Turbine  Problems 

Calculations  From 
collier  chart 

Pressure  Trials 

Stage. 

No. 

Pressure 
**pera" 
abs . 

Total  Heat 

oten  — 
trance 
BT.U. 

Hea  t 
Drop 

Q.T.U. 

Windage 

Loss 

B.T.U. 

pr/cTtan 

Loss 

BT.U. 

Total 

Loss 

B.T.U. 

Usetu  7 
BT.U. 

Superheql 
degrees 
Pa  hr 

°/o  Total 
gamed 

Initial  Pressure  **Jber  sq."=  2/5  Initial  Sober  heat  * Fohr- 

/ 

70 

/58  7 

/s-f 

/ 5.75 

53, 

6 7.75 

86.S.5 

5-7  0 

5$ 

z 

25 

M-00 

12  5 

6.00 

35. 

51.0 

85,0 

35  0 

5,65 

3 

8 

13  J 6 

113 

2.25 

86,5 

28.65 

85.25 

200 

5.6  7 

f 

2-6 

7232 

92. 

.85 

1 9.15 

2D.o 

72 .0 

Go 

5.85 

5 

1.0 

II  60 

75 

.5 

I2.-& 

13.0 

625 

O 

5.17 

6 

7 

8 

- 

Totals 

25.25 

156.5 

/ 70.  75 

3 88.6 

2 6J 

I mtic 

/ Pressure  ** bar  sa"  = Initial  Superheat  °Pahr-  ° 

/ 

3o 

1/6  7 

5-6 

1 1.8.5 

5:75 

/ 6.0 

3 0 

0 

2 51 

Z 

15.7 

1137 

5'D 

6.oo 

5.75 

2/75 

38.26 

o 

3,2  7 

3 

6.0 

1090 

18 

2.75 

77  5 

/ 0.5  0 

57.50 

o 

506 

5 

2.5 

J 0 5 1,5 

55.5 

1.00 

7.0  0 

8.  o 

7 7.50 

0 

5. 06 

5 

/.o 

1007 

fa 

0.50 

52  5 

5.75 

52.2  5 

o 

3.62 

6 

7 

3 

To  to  It/ 

21.5 

30,5 

52. 

2 05.5 

/ 7.6 

Initial  Pressure  ^bersa,'=  55  Initial  Superheat  °Pahr=.^LQP. 

l 

3 0 

/Zl  6 

<72 

J o 

6.5 

/ 6.5 

555 

50 

28  2 

. ?. 

/5.7 

II 8 o.5 

55 

5.7 

6 ,G> 

72.3 

71.7 

2 5 

353 

3 

6.0 

1/3  9. 

6 / 

2.5 

8.5 

11.0 

5 o.o 

0 

5.1  0 

5 

2 5 

1089 

£T8 

/,  0 

7.3 

8.8 

59.2 

o 

5.0  3 

5 

/.at 

1050 

50. 

.55 

5.85 

6.35 

63.65 

o 

359 

6 

7 

6 

Totals 

I9SS 

3525 

56.9 

k7  0.  35 

13.1 

3 0 

5team  Turbine  Problems 

Calculations  Fp?on 

MOLLIE.R  CHART 
Pressure  TVitfls 

F re  5 sure 

Total  Heat 

Hect  t 

\Vind age 

Fr/cftan 

Total 

Usetu  1 

Superfyeoi 

°/o  Totol 

Stage. 

ttjbera’ 

oten  — 

Drop 

Loss 

LOSS 

Loss 

degrees 

gamed 

No. 

abs . 

trance 

BT7U. 

q.t.u. 

8.T U. 

3.T.U. 

8.T.U. 

3T.U. 

Pa  hr 

In  it  to  / Pressure** 

Per  sq. 

55 

In/t/af  Superheat  ° 

To  hr-  JfxQP 

/ 

126  Si 

57. 

<9. 

7.Q> 

1 &,& 

60  3 

135. 

52 

2 

/-?.7 

122/6 

6 0 

5, 

82 

132 

769 

6 5 

5.69 

3 

6 ‘0 

II  75.1 

63 

835 

9.1 

H55 

5/35 

0 

4 .09 

* 

2.4 

II  £3.75 

60 

A o 

82 

92 

50.8 

0 

92  2 

5 

Ld 

107  3. 

5 1 

35 

595 

6.5 

99.6 

. o 

3.53 

6 

7 

S 

Totals 

. 

17.9 

S3. 05 

56.95 

233.65 

139 

In/t/c 

/ Pres 

sure  ** h 

ter  so  " 

_ 55 

I nit/ a/  Superheat  °Pa/?r- 

300 

/ 

30 

13/2- 

65 

7.8 

3.6 

178  5 

97.55 

£25 

3£3 

2 

/4.7 

IZ65 

67 

3.5 

102 

/3.7 

528 

190 

1.02 

3 

6.0 

IZ  12 

70 

22 

1/2 

13.3 

56.6 

50 

9.3  / 

4 

29 

11  55 

62 

.9 

8.8 

9.7 

52.3 

o 

3.98 

5 

ho 

//  D 3 

55 

35 

6.85 

7.3 

98.7 

o 

3.10 

6 

7 

3 

Toto/t/ 

/5X9  O 

fS6  5 

62.55 

2 57,95 

/9.G 

Initial  Pressure 

** her  sq"=  55 

I nit/a / $ u per heat  °PaPr-9-oo 

l 

30. 

1361 

72- 

7.2  5 

J/.85 

/9./ 

529 

320 

3.93 

- * 

/9.7 

1308 

75 

9.15 

1285 

17. 

53. 

250 

925 

3 

6.  o 

250 

78 

E.2 

J3.8 

/ 6. 

6 2. 

II  5 

4.55 

5 

//  88 

6 8 

75 

/ 0.5 

1/2  5 

50.75 

/ 8 

5.1 6 

5 

...  /.  0 

1/3  / 

55 

•f 

6.65 

7.05 

96.35 

O 

6 

7 

8 

Toto/s 

/5.75 

55700 

70.40 

2 76 .6 

20  25 

3 1. 

Steam  Turbine  Problems 

Calculations  From 
NOLLILR  chart 

pressure  Trials 

Stage. 

No. 

Pressure 
ttfaetr0' 
abs . 

Total  Heat 

oten- 
trtjnce 
B.TU . 

Heo  t 
Drop 

B.T.U. 

\VindQge 

Loss 

B.T.U. 

pr/ct/an 

Loss 

B.T.U. 

Total 

boss 

B.T.U. 

Usefu  / 
B.T.U 

Superheat 

degrees 

Pabr 

9/o  Tote/ 
gamed 

Initial  Pressure** per  sg."=  In/t/a!  5 u her  heat  ° Fohr-  8l93~ 

/ 

3 0 

1408 

7G 

6.9 

13.1 

20.0 

56. 

5oo 

398 

2 

74.7 

1352 

8 3 

3.75 

15.6 

1935 

63.65 

3 1 O 

4.5! 

3 

6>0 

1288 

8 5 

16.3 

18.2 

‘66.6 

180 

^,15 

4 

2ft 

12  2/ 

77 

.7 

175 

77.2 

62.8 

80 

44  G 

5 

l.o 

1/58.7 

59 

5 

7-95 

835 

5 06  5 

0 

3.6 

6 

• 

7 

8 

Totals 

13.6  5 

66J5. 

so  jo 

299,1 

21.25 

I mt/c 

/ Pressure  ** her  so" ' - 55  IniTta/  Superheat  °Pahr~  Goo 

/ 

30 

1457 

q4 

6.3 

16.) 

22.5 

6 1.6 

595 

457 

2 

/4.7 

1395.6 

8 8.£ 

35  5 

17.7 

2/J5 

6 7.5 

340 

4.8 

3 

6,0 

1323 

95 

118 

199 

21.7 

72.3 

250 

5.7  4 

4 

2ft 

12  5 6 

8 3. 

.9 

/59 

16.8 

6G.2 

14  0 

4,7 

5 

. 1.0 

1/69 

G 3.5 

.4 

9.2 

9,6 

533 

2o 

3.9  3 

6 

7 

3 

Tola/ti 

/2.3 

783 

90S 

321.5 

22.0 

Intt/o 1 Pressure  ** her  s<t”=  I nit/a  ! 5 u berheat  °Pabr=^ 

/ 

_ s. 

3 

4 

5 

6 

7 

8 

Totals 

52. 


The  curves  of  Plate  10  show  the  results  of  the 
averages  of  the  total  loss  for  each  of  the  trails  for  both  the 
215  Lb*  and  55  Lb.  pressure  trials.  The  results  show  that 
at  constant  pressure,  when  the  superheat  increases,  the  windage 
loss  decreases;  but  at  the  sane  time  tliere  is  a greater  in- 
crease of  friction  loss  due  to  the  greater  heat  drop.  , The 
total  heat  at  entrance  as  shown  on  Plate  6 increases  as  the 
superheat  increases,  but  the  heat  necessary  to  reject  also  in- 
creases as  the  entropy  increases,  when  tlie  steam  is  super- 
heated. 

■f  fom  o high 

IVhen  the  pressure  is  varied,  or  dropped^to  a lower 
value,  (55  lbs.  pressure  in  this  case),  the  available,  or  sensi- 
ble heat  decreases;  but  the  windage  and  friction  losses  decrease 
also.  These  losses  vary  in  a similiar  manner  for  an  increase 
of  superheat  at  55  lbs.  pressure  only  in  a less  rapid  manner, 
owing  to  the  smaller  ratio  at  which  the  heat  drop  increases;  and 
the  density  decreases  for  a similiar  increase  of  superheat  at 
the  lower  pressures.  The  graphical  representation  of  these  re- 
sults is  shown  on  Plate  11.  The  theoretical  heat  drop  at  the 
different  pressures  is  represented  by  the  difference  between  the 
total  heat  and  heat  rejected  line  at  two  constant  pressures. 
These  show  that  the  available  heat  at  215  lbs.  ab so  lute  (frict- 
ionless) is  always  greater  than  at  55  lbs.  pressure,  and  in- 
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Plate  10. 
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creases  to  a greater  ratio  as  the  superheat  increases.  The 
curves  shown  of  the  actual  heat  abstracted  per  pound  under  the 
different  conditions  seem  to  give  an  almost  constant  difference. 
The  difference  between  the  theoretical  available  drop  and  this 
actual  drop  represents  the  windage  and  friction  loss. 

Plate  12  shows  the  more  important  results,  as  it  re- 
presents the  actual  per  cent  of  the  total  heat  that  can  be  ab- 
stracted from  the  steam  under  the  conditions  assumed  for  both 
215  lbs.  and  55  lbs.  pressure  absolute. 

Plate  13  shows  the  actual  water  rate  per  H.P.  hour 
for  the  two  different  pressures  with  the  varying  superheats. 

The  per  cent  of  heat  extracted  to  the  total  heat  furn- 
ished, ds  shown  by  the  curve  in  Plate  12  mah.es  it  evident. 

Curve 

that  the  low  pressure  turbineAis  approximately  a straight  line, 
while  the  high  pressure  curve  is  almost  flat,  or  more  nearly  ap- 
proaches a flat  curve  for  the  low  superheats;  while  for  high 
superheats  it  becomes  more  nearly  parallel  with  the  low  pres- 
sure curve.  This  may  be  attributed- partly  to  the  fact  that  the 
heat  drop  curves  become  more  nearly  parallel  to  those  of  the 
low  pressure  drop  as  the  superheats  increase,  and  do  not  have 
such  a large  increase  of  entropy  and  amount  of  heat  rejected. 

The  final  states  of  he  steam  for  400°  and  500°  superheat  at 
55  lbs.  pressure  agree  very  nearly  with  the  final  states  for 
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3 8. 

215  lbs*  pressure  and  500°  and  600°  superheat,  which  is  shown 
by  the  final  superheats  on  the  sheets  of  results. 

• 

(3)  Consi deration  of  the  effect  of  friction  on  the 
number  of  stages  in  “high  and  low  -pressure  turbines. 

(a)  With  assumptions  and  curves  as  used  under  the 
pressure  trials,  I made  a set  of  calculations  in  a similiar  man- 
ner to  obtain  the  effect  of  the  number  of  stages  in  an  impulse 
turbine  with  high  and  low  initial  pressures,  and  with  a con- 
stant heat  at  entrance  for  each  condition.  The  standard  con- 
dition was  taken  as  55  lbs.  pressure  and  500°  F.  superheat  and 
with  a total  heat  of  1408  B.T.U.  For  a similiar  total  heat  at 
215  lbs.  pressure,  the  corresponding  superheat  is  approximately 
425°  F. 

(b)  From  these  conditions  the  calculation  was  fol- 
lowed out  on  the  Mollier  chart  in  the  same  manner  as  described 
under  the  pressure  trial  calculation,  with  the  exception  that 
the  stages  were  varied  in  this  case  which  made  it  necessary  to 
select  approximately  correct  pressures  for  each  stage. 

( e)  The  data  shown  on  the  result  sheet  ;, is  similiar  to 
that  described  for  the  pressure  trials,  as  each  column  represent 
similiar  calculations.  The  curves  of  Plate  14  show  the  results 
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of  the  totals  as  given  on  tlie  data  sheet.  For  a two  stage 
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Steam  Turbine  Problems 

Calculations  From 
MOLLIFR  chart 

5 ta  g Q.  Tr\a  Is 

Stage. 

No. 

Pressure 

#foera" 

abs. 

lota  IHeoT 

oten  — 
tran ce 
BI.U. 

Hen  t 
Drop 

3.TU 

iV/ndage 

Doss 

B.TU. 

priction 
Dos  S 
3.T.U. 

Total 

Loss 

b.t.u. 

Useful 

3T.U. 

Superheql 
degrees 
Fa  hr 

°/o  Total 
gamed 

Initial  Pressure  **per  sg."=  2/5  Tn/t/a / Sujberheot  ° Pa  hr-  425 

/ 

IPO 

M03 

248 

5:g 

J52s 

/sze 

do.t 

3 3 0 

Gk4  1 

2 

AO 

/ 8/6.3 

Zff. 

>er 

/48, 

J 48,5 

955 

2/  0 

6.7  7 

3 

f 

5 

6 

7 

' 

8 

Totals 

S.l 

300 

3 06.1 

1868 

13.  2 

Initial  Pressure  **  ber  sq”  - ^ Initial  5u 

perheot  °Pah r - j335 

1 

57  5 

/4o& 

158 

13,5 

55.5 

Gd.O 

8 e 

310 

Q.3  2 

2 

10 

131 9 

162 

32 

58.3 

G 1.5 

100,5 

1 6 0 

1,13 

3 

/ 

/Z/S 

1613 

. 5 

58.0 

58,5 

103.0 

L5 

43  2 

4 

5 

6 

7 

3 

Tot  a It/ 

11.2 

n t.8 

189.0 

3 9S.5 

20. 7 

Initial  Pressure  **P>er  sg''=  Zj  5~  Initial  Suberheot  °pahr=  42. 5 

I 

6 5 

/4o8 

14  3, 

/ 5. 

45.8 

$ o.8 

8 2 

320 

53  1 

z 

ZD 

I3Z  6 

I2h 

5S 

3Z3 

53.5 

8Z,5 

ZOO 

5.8& 

3 

G 

1243 

1/3,5 

115 

2 9. 

30.75 

8Z.75 

no 

5.88 

4 

1 

II  & op 

9 5 

.6 

%0.4 

Z 1,0 

14, 

0 

525 

5 

S 

7 

8 

Total  s 

2.2.9  S 

IBS./ 

151,0  5 

32.1.2.5 

zZ.& 
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Steam  Turbine  Problems 

Calculations  Prom 

MOLLIE.R  CHART 

Tna  Is 

Stage 

No. 

Pressure 
&faeram 
a be. 

Total HeoT 

oten  — 
trance 
BT.U. 

Pea  t 
Drojb 

B.T.U, 

Windage 

Loss 

B.T.U. 

pr/Cfion 

Loss 

B.T.U. 

Total 
boss 
B.T.U : 

Useful 

J3.T.U 

Super/jeaT 

degrees 

Pabr 

°/o  Total 
gemed 

Initio l Pressure** 

9>er  SO-  '-  2U?  In/t/a!  Suberheot  ° Pahr - J33=~L 

/ 

7 o 

M-D& 

J34, 

/ 6.2 

4/ 

5 7.2 

7 6.8 

3)5 

59,6 

2 

2.5 

1331 

166. 

7*3 

25 

32.3 

7 3. 7 

1 9 5 

5,9.9 

3 

<3 

1251 

3.9. 

S.  6 

22. 

25,6 

7 44 

8 O 

5,28 

* 

2,6 

138  2 

81 

ho 

15.5 

15.5 

G 5.5 

0 

4,6  5 

5 

LO 

/ 3/  65 

.3 

G.15 

7.2  5 

5 535 

0 

34  7 

6 

7 

8 

To  to  Is 

, 

27.6 

/ 09.2.5 

1 36.85 

33615 

£3.9 

I ntt/c 

/ Pressure  **  ber  s<?" = 2/o  Intt/a/  Su 

her  beat  °Pobr-  425" 

/ 

/ OO 

M-OQ 

ds 

2 1,6 

20.1 

42.3 

•5*2.7 

3 70 

3 3 5 

2 

?5 

135-6 

9 o 

IL  0 

18.2 

5 9/2 

6 o.Q 

2 70 

9,3  2 

3 

2 0 

/Z94 

8 O 

6.1 

M.  4 

5 0,1 

59.9 

I 7 0 

4.2  5 

4 

8 

/2?4 

78 

£.75 

13.0 

1575 

622  6 

8 0 

4.45 

5 

3 

mz. 

72 

1.2  5 

1 1.6 

12.35 

59.1  5 

0 

9,20 

6 

/ 

!H3 

70 

,5 

n.2 

11.70 

58.3 

0 

475 

7 

35 

3 

Tot  a It/ 

45.S 

89.3 

13/. 9 

353,1 

25.1 

I mtiol  Pre  ssure  **frer  s g R / 5 Initio/  duberheqt  °p<rhr=3j~-!?. 

/ 

13  0 

M-0.8 

55 

20.7 

6.8 

36.5- 

J8.& 

37  O 

1,32 

£ 

8 o 

J 3 5 6 

62. 

17.50 

3.6  5 

2615 

3585 

30  0 

2,55 

3 

45 

J 367 

67 

! 0.6 

jo.2 

2 0.8 

56.8 

230 

5.3  3 

4 

5 5- 

133  6 

6 1 

6.6  5 

835 

1 5,lo 

5 5. 9 

J 9 o 

3.2  6 

5 

/ 2 

!Z8Z 

68 

3.75 

10,0 

/ 3. 7 5 

5 5 25 

5 0 

3. 8 5 

6 

5 

J8  33 

68 

18 

ro.o 

11.8 

5 6-2 

o 

3.9  3 

7 

2.2 

Jl  <92 

57 

/.o 

7,5 

8.5 

58.5 

o 

3.4  4 

8 

1 

n3o 

38 

.5 

5.2  5 

575 

3 2-25 

o 

3.00 

Toro/S 

7 /.SO 

G 6,3  S' 

138.25 

35-3.25 

24.3 
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Steam  Turbine  Problems 

Calculations  Fro^ 

MOLLIER  CHART 
Stage  Trials 

Staqe. 

No. 

Pressure 
ttper0' 
a be. 

Total Heat 

ot  en- 
trance 
BT.U. 

Hep  f- 
Drop 

Q.TU. 

iVindage 

Loss 

B.T.U. 

Tr/cT/an 

Loss 

pr.u. 

Total 

Doss 

e.r.u. 

Usefu/ 

B.T.U. 

Superheat 

degrees 

Fabr 

°/o  Total 
gemed 

Zn/T/o  / Pre  ssure  ** per  sq."=  5 5 In/t/af  Su her heat  ° Pa  hr-  JL89 

/ 

ID 

If  03 

/9S. 

PS 

3 /.  b 

81 

j 08 

50  o 

7,61 

2 

/ 

1300 

J9Z 

.f 

81.5 

81,3 

//  0 

180 

782 

5 

4 

5 

6 

7 

8 

Totals 

2.9 

16  9. 

165.9 

2 IS 

11,15 

I mtiL 

/ Pressure  ** ber  sa"  - ^5  Init/al  5u 

per  beat  °Pab  r~  500 

/ 

2 0 • 

11-08 

122 

ie 

3 3.2 

3 8 

81 

3 6 5 

59  6 

2 

6. 

T321 

120 

/.a 

32.2 

31 

8 £ 

220 

6.1  1 

3 

/. 

1238 

J33 

.1 

3 9,3 

39.7 

$3.3 

7 0 

6.62 

5 

6 

7 

8 

Tot  a It/ 

7.o 

ID+.7 

III.'] 

2 6 3 3 

18,7 

In/t/ot  Pressure:  **pers<?"=  S_5"  _Z* nitial  5 u berheot  0Pohr=.P00 

l 

25 

/lo8 

58 

5.7 

2 i,5 

2 6.2 

7/.S 

38  O 

5.1 

- s. 

/ D 

13  3 6 

9 9 

2.8 

222 

25. 

7 f.o 

250 

5.25 

3 

3.6 

12  62 

99 

1.2 

2ox2 

2 1.1 

72.6 

1 5 0 

5J  5 

+ 

t.D 

118  9 

9 6 

.15 

Po.Q 

21.35 

79.6  5 

1 D 

5.3 

5 

6 

7 

6 

Totals 

S./S' 

9 3.95 

2.  9 3 .05 

2 0.3 
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Steam  Turbine  Problems 

Calculations  From 

MOLLIE.R  CHART 
Stage  Trials 

Stage. 

No. 

Pressure 
#bera' 
abs . 

Total  Heat 

oten  — 
trance 
3T-.U. 

Pea  t 
Drop 

6.T.U. 

tV/ndage 

Loss 

B.T.U. 

pr/cf/an 

Loss 

B.T.U. 

Total 

Loss 

B.T.U. 

Useful 

3.T.U. 

Superfyeo! 
degrees 
Pa  hr 

°/o  Total 
gamed 

Initio  / Pre  ssure  ** per  sq.  "=  6> S Initial  Sober  heat  * Fohr-  ^Jl59 

/ 

3 0 

1708 

76 

6.8 

/3-1 

2 0 

56 

7oo 

3*9  8 

z 

/ 7,7 

13  32 

8 3 

3.75 

15.6 

19.35 

63.65 

3 J O 

7.52 

3 

G.o 

1288 

8 5 

/.9 

J6,3 

18.2 

66x8 

J8  o 

7.7  5 

* 

£3 

122/ 

77 

7 

135 

!7.2 

62.8 

8 o 

77  6 

5 

TO 

II 53 

53 

.7 

7.95 

8.35 

50.65 

o 

3.G 

6 

7 

8 

Totals 

13.6  5 

66.75 

80.1 

2*99,7 

R W2 

Tmtia  ! Pressure  ** ber  sq”  - 55  Initial  Sober  heat  °Pahr^  O~oo 

/ 

3 5 

1708 

5 6 

7.6 

8.1  5 

157  5 

7-7.25 

720 

5.17 

Z 

20 

13.63.1 

66 

6. 0 

9.9 

15.9 

5 o.l  o 

37  0 

5.57 

3 

/Z 

1313 

57 

33 

7 35 

ID. 7 5 

76,25 

2 6o 

3.28 

7 

6 

12  67 

63 

2,o 

9.  o 

1 1.0 

52.0 

/ 7 0 

3.7 

5 

2.6 

1215 

67 

l.o 

10,0 

n.o 

56.0 

75 

3.9  7 

6 

LO 

HS3 

67 

45 

9.35 

9,8 

55.  2 

0 

39  3 

7 

j, 

8 

Tot  a It  i 

2.035 

Hi  A 5 

74-zo 

3 03.8 

2 1,5 

Initial  Pressure  **ber  sg"-  5~5  JT nit/a / $ o berhPof  °pahr-500 

l 

70 

1708  7 3 

8.65 

■f.35 

13.00 

3 0 

750 

2*3  3 

_ 2 

27 

1378  36 

58 

7.2 

/ 3.0 

7 3. 

375 

3 .03 

3 

16 

1335  j 5/ 

74 

6.0 

! O.l 

70.9 

3 JO 

P<90 

7 

to 

/£9f  l 30 

2.9 

5.9 

8.8 

71.2 

225 

2.9  2 

5 

6 

l£5Z  -? 6 

2.2  3 

7.75 

70 

39.0 

1 70 

2,77 

6 

3.7 

!&M  -7 16 

1.2  5 

7.75 

6.  o 

7 0,0 

/ oo 

2.87 

7 

2.0 

.H74  1 ^ 

.75 

7.25 

5.0 

3 7.0 

3 5 

2,6.3 

6 

1.0 

It  37  ; 70 

.75 

3-8 

7.25 

35.75 

0 

2.59 

Totals 

\ 

76  0 0 

67. ! 5 

3 0 6.9 

2 1.7 
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machine  the  windage  loss  is  very  low,  and  the  friction  loss 
very  high;  while  as  the  stages  increase  the  friction  losses 
decrease  very  rapidly  at  first,  then  more  slowly.  The  windage 
loss  increases,  but  not*  nearly  so  rapidly  as  the  friction  loss 
falls  off.  These  variations  depend  upon  the  initial  pressure. 
When  the  pressure  is  high  the  friction  loss  is  very  high  for  a 
two  stage  machine,  while  for  a low  pressure  the  same  is  much 
lower.  The  friction  loss  drops  off  moe  rapidly  for  a high 
initial  pressure  than  for  the  low,  but  the  windage  loss  in- 
creases more  rapidly  than  that  for  the  lower  pressure,  until 
finally  a point  is  reached  at  which  the  increase  of  windage  more 
than  balances  the  decrease  in  velocity  friction,  and  this 
gives  a point  at  which  the  efficiency  at  this  pressure  is  a 
maximum.  In  the  215  lb.  pressure  condition  this  point  seems 
to  give  about  six  stages  if  we  accept  the  above  assumptions  as 
correct.  These  are  no  doubt  approximately  correct  as  shown  by 
a comparison  with  the  results  of  the  tests  on  the  impulse  tur- 
bines at  the  Commonwealth  plant  in  Chicago.  In  the  low  pressure 
turbine  this  maximum  point  does  not  occur  as  far  as  calculations 
were  made;  while  it  is  to  bo  noted,  however,  that  after  four 
stages,  an  increase  in  the  number  of  stages  adds  only  a little 
to  the  efficiency.  It  appears  from  the  calculation,  that  the 
number  of  stages  using  orifices,  might  be  increased  up  to 
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twelve  or  fifteen  with  sin  increase  in  efficiency. 

The  curves  of  Plate  15  show  practically  the  sane  thing 
for  stages  as  those  in  Plate  1 2 do  for  superheat.  The  ordinates 
in  tliis  case  represent  the  per  cent  of  total  B.T.U.  ab- 
stracted by  the  turbine,  which  is  the  true  efficiency.  -Again 
the  abscissae  represent'  the  number  of  pressure  stages  in  the 
machine. 

( d)  The  absolute  values  used  in  the  calculation  are 
only  assumptions  that  were  made  in  order  to  secure  a means  of 
obtaining  the  relative  values. 

No  account  was  taken  of  the  increase  of  windage  loss 
due  to  increase  of  revolution.  If  the  high  pressure  is  used 
the  average  heat  drop  is  practically  60  B.T.U.  for  an  eight- 
stage  turbine;  while  for  an  eight- stage  turbine  and  55  lb.  pres 
sure  the  average  heat  drop  is  about  35  B.T.U. 

If  we  refer  to  section  1 we  see,  that  the  peripheral 
velocity  depends  upon  the  steam  velocity;  hence  the  steam  vel- 
ocity varies  as  the  P.P.M.  of  the  turbine  wheel,  also  as  the 
square  root  of  the  heat  drop.  If,  therefore  the  windage  work 
varies  as  the  third  power  of  the  number  of  revolutions  and  if 
we  assume  that  both  turbine  wheels  have  the  same  diameter. 
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we  have. 

Since  f60~  = ?.8  and  V^t5  = 6 
Loss  at  55  lbs .pressure 


3 

1 


1 


Therefore  -- r - — — , 

Loss  at  215  lbs.  pressure  (1.3) 3 2.2 

or  the  windage  loss  is  2.  2 tines  that  used  in  the  above  calcu- 

increasing 

lation.  This  night  be  partially  corrected  by  ^ the  diameter  of 
the  turbine  wheels  since  the  increase  of  work  varies  only  with 
the  2.5  power  of  the  diameter.  This  scheme  has  mechanical 
limits,  however,  and  would  be  of  not  much  consequence. 

(4)  All  conclusions  are  based  upon  the  relative 


values  of  results  as  found  above. 


ill 

(1)  The  smallest  angle  of  entrance  possible  will 
give  a maximum  efficiency  when  fricion  is  considered,  other  con- 
ditions being  constant. 

(2)  The  drop  in  efficiency  due  to  friction  is 
greater  the  smaller  the  angle  of  entrance. 

(3)  The  efficiency  varies  approximately  inversely 

with  the  coefficient  of  friction. 

u 

(4)  The  ratio  of  depends  upon  the  angle  of 

entrance,  number  of  rotating  wheels,  and  coefficient  of  friction. 
Calculated  values  of  this  ratio  are  given  on  Plate  1. 


(2) 


4 8. 

o 

(1)  An  increa.se  of  superheat  up  to  300  F.  at  a high 
boiler  pressure  gives  very  little  increase  of  economy. 

(2)  The  economy  at  low  pressure  due  to  superheat 
varies  approximately  directly  with  the  superheat. 

(3)  A five-stage  turbine  will  operate  at  55  lbs.  pres- 
sure as  economically  with  500°  to  600°  superheat,  as  a similiar 
one  operating  at  215  lbs.  pressure  with  0°  to  200°  superheat  with 
a water  rate  of  about  10  per  cent  in  favor  of  the  low  pressure. 

(3) 

(1)  A two- stage  impulse  turbine  will  operate  more 
economically  with  55  lbs.  initial  pressure  than  at  215  lbs. 
initial  pressure. 

(2)  The  most  economical  arrangement  for  a 215  lb. 
initial  pressure,  multiple  stage,  impulse  turbine  is  with  six 
stages,  other  conditions  being  constant. 

(3)  The  most  economical  arrangement  for  a 55  lb. 

more  t”h  Q n 

pressure,  multiple  stage,  impulse  turbine  is  somethi ngA eight 
pressure  stages;  probably  from  twelve  to  fifteen,  other  con- 
ditions being  constant. 
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